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Microbial mats, stimulated with ensiled grass clippings, 
have been developed to seguester heavy metals from 
contaminated water. Mixed populations of photosynthetic and 
heterotrophic bacteria, dominated by Oscillatoria, spp. were 
developed for metal tolerance and intergrated into a durable, 
self-sustaining community of microbes attached to ensiled 
grass. Microbial components of the mat and water column 
effectively removed a number of toxic metals and metalloids 
from contaminated water by precipitation in the cell mass. 
Three applications of mats have been found to be effective in 
treating metal-contaminated water. (1) Ponds with floating 
mats deposited metals at the surface removing 90-99% of the 
test metal. (2) Excised mats sequestered various metals from 
mixed solution (28 mg/1 per month of Cd) . (3) Immobilized 
mats, composed of microbes attached to glass wool, in 
treatment systems employing flow-through baffles and floater 
balls, removed 85-90% of the test metal. 
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A new environmental awareness is expanding around the 
world. This is manifested on many fronts. For example, in 
Rio de Janeiro, leaders from several nations gathered for an 
Environmental Summit. April 22nd is designated as Earth Day 
in the United States. Recycling stations are set up at 
various locations to serve as reminders for people to recycle 
old bottles, paper, aluminum, and plastic. At Christmas, 
pleas are echoed for persons to recycle their live Christmas 
trees. These activities are just a few that are being 
employed to save our environment and to make everyone 
cognizant of the vital importance of preserving it. 
Environmental deterioration is occurring at a record 
pace. Acid rain has contributed to the destruction of 
rainforests which have subsequently threatened the existence 
of certain types of plant life and other ecosystems. A hole 
in the ozone layer along with severe air pollution caused by 
factories, automobiles, and trucks, have damaged the 
atmosphere and probably caused climatic distortion. 
Bodies of water have not escaped the deterioration caused 
by pollution. Many of our oceans are contaminated with oil 
and domestic wastes, while our surface waters are often 
contaminated with heavy metals such as zinc, manganese, and 
cadmium, caused by effluents from mines and factories. This 
large-scale contamination causes chain reactions: some 
animals become extinct, while others concentrate contaminants 
in their bodies which often leads to a lack of production and 
an impact on the food industry. As agriculture becomes 
impacted by pollution, a problem in the nation's economy 
arises. From the human health perspective, it may be 
dangerous to eat large amounts of seafood contaminated with 
heavy metals. Thus, from an economical and health 
perspective, cleaning our water systems is of vital 
importance. The preferred biological system to be employed in 
this remediation must be economical as well as safe. The 
problem of heavy metal contamination and its safe and economic 




Trace elements (heavy metals) are ubiquitous contaminants 
in the environment, occurring naturally in soil and water. 
The present-day concern is their increase in the environment 
due to rapid industrialization (Jamil and Hussein, 1992). The 
contamination from these metals also pose a very serious 
public health problem due to the toxicity of most of these 
pollutants even at low concentrations (Gourdon et al., 1990). 
Examples of metal contamination are everywhere. In 
Roanoke, Virginia, heavy metal particles from a huge ash pile 
created by an old steel plant, poses an imminent threat to 
people and the environment (Associated Press, 1992). An 
average of more than two million gallons of "tainted" water a 
day is pouring into the Potomac River and Four Mile Run 
tributary in Alexandria, Virginia. This water is "tainted" 
with arsenic, whose levels are one million times the 
acceptable level set by the Environmental Protection Agency 
(EPA), and cancer-causing poly-chlorinated biphenyls (PCB's), 
whose levels are 440 times the EPA's acceptable limit (Bacque 
and Ruberry, 1992 ). Soil, in the same area in Alexandria, 
shows arsenic at 707 parts per million (ppm), 1,000 times the 
acceptable limit, and 2,050 ppm of lead. High levels of 
arsenic can cause lung and skin cancer while lead can produce 
neurological and blood related illness (Bacque and Ruberry, 
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1992). Heavy metals and organic carbon are in sediments in 
the Tuy River basin in Venezuela (Mongollon et al., 1990); 
and, heavy metals are also in the soil in North Sommerset, 
England as a result of base metal mining (Davies et al., 
1990) . These are but a few examples of the worldwide problem 
that we face. 
To help solve this problem, the EPA is encouraging 
bioremediation. Bioremediation is the use of biological 
agents, such as bacteria, algae, or fungi, or their 
biochemical byproducts, to degrade hazardous, non-radioactive 
wastes to the point where they are either no longer hazardous, 
or at least are much less hazardous to the environment 
(Keeler, 1991). Bioremediation occurs via two common 
mechanisms. First, nutrients and oxygen can be added , to 
organisms that already are present at the site that are 
customized by evolution to metabolize or sequester the 
pollutant. This is the primary approach used by Exxon as it 
tried to clean the Exxon Valdez oil spill. Another method is 
to add organisms that are not indigenous to the polluted site 
but which excel at degrading the toxic material in question. 
This method is also referred to as bioaugmentation (Keeler, 
1991) . The use of bioremediation is one of the few ways known 
that actually gets rid of some pollutants. In addition, most 
alternative physical or chemical methods simply transfer 
wastes from one site to another. 
Some microalgae can selectively accumulate various heavy 
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metal ions from aqueous systems (Nakajima, 1981). Chlorella 
reqularis, a green alga, for example, accumulates a large 
amount of heavy metal ions such as copper and cadmium. It is 
suggested that the accumulation of these metal ions is almost 
completely dependent upon the physio-chemical absorption on 
the cell surface, not upon biological activity (Nakajima, 
1981). Floating weeds can also be used to remove toxic metals 
from polluted waters (Wet, 1990). Although these systems are 
effective in reducing the amount of metals in polluted waters 
by depositing them in the sediments, a more effective, long¬ 
term mechanism for removal may be that of a complex ecosystem 
which sequesters and binds the metals by a wide variety of 
mechanisms. An example of this type of consortial ecosystem 
is the microbial mat. 
Microbial mats represent unique ecosystems that are 
characterized by resiliency and adaptability to harsh 
environmental conditions. For example, certain fossilized 
mats have been dated at 3.5 billion years, representing one of 
the oldest and most successful living communities on earth 
(Knoll, 1989). The term "mat" refers to the coherent organic- 
rich multi-layered laminate that forms by microbes adhering to 
the surfaces of soil, rocks, or aquatic sediments. This 
coherence arises from binding by intertwined microbial 
filaments, extracellular slime, or precipitated minerals. 
Mats that are built by photosynthetic organisms, specifically 
cyanobacteria, create the most obvious and best studied 
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stromatolites in the fossil record (Des Marais, 1990). The 
cyanobacterial mat, while photosynthetic, are known to utilize 
exogenous organic substrates under both light and dark 
conditions as a portion of the total carbon requirement for 
growth (Fogg et al., 1973). Below the cyanobacterial 
photozone, a laminated multi-layer of facultative bacteria 
colonize. These cyanobacteria/bacteria biofilms form mats in 
the sediment region of shallow water. Mats exhibit high rates 
of biomass production in nutrient depleted water and are 
highly competitive with other microbial communities under 
nutrient enrichment conditions. 
Characteristics of the cyanobacteria determine the 
physiological flexibility of the microbial mats. These 
include: (1) anoxygenic and oxygenic photosynthesis (Stahl et 
al., 1989; Ward et al., 1989); (2) rapid induction of nitrogen 
fixation after oxygen exposure (Paerl and Gallucci, 1985); (3) 
gliding motility (Shilo, 1989); (4) survival of periodic 
desiccation (Shilo, 1989); and (5) successful support of a 
consortium of bacteria of both aerobic and anaerobic function 
(Caumette, 1989). These properties contribute to the 
durability and self-maintenance of the mat community. Some of 
the cyanobacteria characteristics include flocculation, in 
which certain species of cyanobacteria produce flocculating 
macromolecules, which help clear the water column. The 
subsequent clearing of the water increases the solar radiation 
in the sediment region and, at the same time, causes the rapid 
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deposit of heavy metals associated with particulate matter. 
An equally important occurrence within the microbial mat is a 
sulfur cycle. The microbial populations that generally 
constitute a mat in the oxic/anoxic zones of a pond possess 
physiological and ecological mechanisms for the 
oxidation/reduction of sulfur as well as its transport within 
the mat and export into the water column (Archibold et al., 
1989; Bender, 1989; Caumette, 1989). Slime secretion is 
another characteristic in which the microbial mat attaches to 
the underlying sediment by means of a gel matrix, which 
incorporates the top 1-2 mm of sediment particles into the mat 
matrix. Moreover, cyanobacteria are able to emerge from silt 
cover through a gliding motility. This mechanism can be 
assumed to mobilize xenobiotics from deeper regions to the 
sediment surface (Shilo, 1989). 
The specific characteristics of the cyanobacteria group 
as previously described, contribute to a metal 
sequestering/biodegradation microbial environment. Inherent 
detoxification processes, apparently present at the cellular 
and community levels, allow for growth and survival of the mat 
in the presence of toxic metals. Accumulation of metals 
within the mat takes place without significant cell death 
(Bender, 1989; Archibold et al., 1989). In addition, the 
rapid biomass production, which is characteristic of the 
microbial mats, increases the potential cellular sites for 
metal attachment and long-term storage. Specific ecological 
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adaptations, contribute directly to the removal of the metals 
from water and sediments. These include the action of the 
sulfur reducing species, i.e. Desulfovibrio, which are located 
in anoxic regions. This species initially prepares the pool 
of sulfide ions. Chromatiaceae, a family of purple bacteria, 
are able to photosynthesize using hydrogen sulfate. They 
oxidize the hydrogen sulfide to elemental sulfur or sulfate 
ions. The sulfate and sulfur chemical species serve as 
electron donors for carbon dioxide reduction in Chromatiaceae, 
thus, replacing the function of water in higher plant 
photosynthesis (Edmonds, 1978). This species is known to 
colonize under cyanobacteria mats occupying the low-light 
photozones. They are motile and respond chemotactically to 
chemicals in their aquatic environment. The purple bacteria 
have more metabolic potential than green bacteria because of 
their ability to use organic compounds as sources of electrons 
(Boyd, 1984). Motile bacteria, including Chromatiaceae, may 
also be involved in the transport of the metal to the mats 
within the sediments or benthic regions where precipitation 
and stabilization often occur (Bender et al., 1989). 
Parameters of the ecosystem, such as pH, Eh, and oxygen 
concentration, can result in metal spéciation changes and 
subsequent deposit or mobilization of metals due to microbial 
alterations (Fenchel and Blackburn, 1979; Hahn and Welchner, 
1980). Biologically mediated changes in pH and oxygen can 
result in either deposit or solubilizing of a number of 
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metals. 
As described above, intact ecosystems, because of their 
functional diversity, may bring a flexibility and efficiency 
to biotechnology that are frequently lacking in single species 
systems. Since microbial mats evolved under hostile 
conditions, similar to those expected in highly contaminated 
environments, survival adaptations of these ecosystems are 
directly applicable to remediation biotechnology. In 
addition, the properties of self maintenance, resiliency, and 
efficiency under changing environmental conditions may solve 
a number of maintenance problems often associated with 
bioremediation technologies. 
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STATEMENT OF THE PROBLEM 
The focus of my research is to examine the potential of 
microbial mats, predominantly cyanobacteria, in the 
remediation of mine water drainage. Acid mine drainage is one 
of the most persistent pollution problems in the United 
States. Streams and rivers have been adversely affected by 
underground mines that have been abandoned for decades. Acid 
mine drainage originates when Fe+2 is present in anoxic 
environments. Metabolic activity of iron-oxidizing bacteria 
(Thiobacillus ferroxidansK catalyze the oxidation of pyrite 
via the following reaction: 
4 FeS2 + 15 02 + 2 H20 = 2 Fe2(S04)3 + 2 H2S04 
(Batal et al., 1989). Water drainage from abandoned mines in 
the Central City-Idaho Springs mining district has impacted 
the water quality of Colorado Frontrange water systems (Bolis 
et al., 1991). Control methods for this problem include: 
chemical treatments that neutralize toxic constituents and 
makes them insoluble; and, physical storage to create anoxic 
environments to inhibit growth of iron-oxidizing bacteria. 
These methods are costly and have many limitations, including 
their ineffectiveness of treating Mn and Zn for removal. 
Alternatively, wetlands are a potential treatment for small 
flows of acid mine waters in which metal and nutrient contents 
are modified by adsorption and exchange in peat soils, plant 
uptake, microbial activity, and other geochemical processes. 
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For metal removal, intrinsic bacterial microflora in a wetland 
system are important. In the aerobic zone, two groups of 
heterotrophic metal-utilizing bacteria are present: iron and 
manganese oxidizers and one group of obligate autotrophic iron 
oxidizers. In the anaerobic zone, sulfate reducers are known 
to be present (Batal et al., 1989). Manganese removal is 
promoted by manganese-oxidizing bacteria as manganese sulfide 
is soluble. 
Another possible treatment for acid mine drainage is 
through the use of various species of algae for many species 
of algae are known to tolerate acid mine drainage (Stevens, 
Jr. et al., 1989). 
Microbial mats, composed or dominated by cyanobacteria, 
specifically Oscillatoria spp., represent unigue ecosystems 
which are characterized by resiliency and adaptability to 
harsh environmental conditions. Like the wetlands which 
possess an intrinsic bacterial microflora for the removal of 
metals such as manganese, the characteristics of the mat 
contribute to an ideal metal-sequestering environment. It 
possesses a synergistic combination of communal properties 
which are expressed by a consortium of microbes in the mat, 
thus creating an ecosystem that is highly successful under 
metal-contamination conditions. Also, similar to wetland 
macro-systems, microbial mats have both aerobic and anaerobic 
zones in micro-regions. These contribute directly to the 
removal of metals from water and sediments. Processes in 
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these zones include the action of sulfur reducing species, 
i.e. Desulfovibrio, which are located in anoxic regions. 
Sulfides of Zn, Cd and Pb are quite insoluble. Other 
processes involve the photosynthetic production of a high 02 
content which will precipitate manganese as an oxide. 
Based upon the characteristics of the mixed microbial 
mat, dominated by cyanobacteria, and its comparisons with 
single species of microbes and wetlands in their effectiveness 
in metal removal, the mixed microbial mat was selected as the 
preferred biological treatment. The mat is dominated by 
cyanobacteria, specifically Oscillatoria spp. to remediate 
metal-contaminated mining water and contains anoxygenic 
autotrophs as well as a variety of heterotrophs. 
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CHAPTER 3 
MATERIALS AND METHODS 
My research focuses on neutral and acid mine drainage 
from abandoned metal mines in Colorado and California. 
Samples from two sites were taken: Iron Mountain mine 
(FeMtMn), located in California, is dominated by the metals 
iron, cadmium, copper and zinc with a pH of approximately 2; 
and, Gulf Tunnel mine, located in Colorado, is dominated by 
the metals zinc and manganese with a pH near 7. My initial 
studies examined the removal of cadmium from the FeMtMn sample 
using the microbial mat previously described. Because cadmium 
and zinc are similar in atomic structure and chemical 
behavior, they often occur together in nature. Moreover, zinc 
possesses properties which demonstrate it to be an essential 
element, while cadmium is a highly toxic metal with no known 
function in animal metabolism (Berman, 1980). Due to the high 
toxicity of cadmium, this metal was selected for study. 
PREPARATION OF TREATED IRON MOUNTAIN MINE SAMPLE 
The preparation of the FeMtMn sample involved adding 2.4 
ml of saturated sodium hydroxide (NaOH) solution (580 g of 
NaOH/1 of distilled water) to 40 ml of the original FeMtMn 
sample. This mixture, added to 760 ml of distilled water, 
resulted in a dilution of the original FeMtMn sample that came 
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from the field of 1:17. This treatment of the sample also 
raised the pH from 3-3.5 to 7.5-8.0. 
PREPARATION OF TOLERANT STRAIN MICROBIAL MAT 
Samples of mixed populations of soil bacteria, taken from 
metal-contaminated areas, and laboratory stock of Qscillatoria 
sp. were assessed for metal tolerances. Groups showing some 
degree of elevated metal tolerance were then enhanced by step¬ 
wise exposure to increasing metal concentrations. Strains 
tolerant to high concentrations of lead, cadmium, copper, 
zinc, manganese, chromium, arsenic, and selenium were 
developed. Final populations of bacteria and cyanobacteria 
were then integrated into a microbial mat by co-culturing a 
mixed inocula on ensiled grass clippings. Stock cultures were 
maintained in Allen and Arnon growth medium (Allen and Arnon, 
1955 ) . 
ENSILING OF GRASS CLIPPINGS 
In order to release the nutrient content of the 
vegetative material and convert the starch material to organic 
acids and provide feed stock for microbes, fresh-cut grass 
clippings were ensiled according to the procedures of the Iowa 
State University Cooperative Extension Service (1974). 
Finished ensiled grass (silage) contains lactic and acetic 
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acids, which are nutrients and chemotactic agents for N-fixing 
bacteria in the mat (Bender et al., 1989 ). This material 
facilitates rapid mat formation. 
USE AND PREPARATION OF SILAGE MEDIA (SM) 
Silage media (SM) was used in experiments as a source of 
nutrients for mat growth and survival. SM was made by soaking 
soil for one day and then removing the water column (soil 
wash). Silage was soaked in soil wash (15 g/1) for 1-2 hours 
then filtered using Whatman filter paper number 1. SM 
enrichment minerals included per L: 2 ml of 1 M potassium 
phosphate (dibasic), 0.3 ml of 1 M potassium phosphate 
(monobasic), 2 ml of saturated potassium carbonate, and 5 ml 
of saturated calcium carbonate. The pH was adjusted to 7.5- 
8.0 before autoclaving. 
INITIAL EXPERIMENTAL SET-UP 
In order to test the ability of the mat to remove cadmium 
from contaminated water, the following experimental design was 
used. A mixture of 100 ml of silage media (SM), 100 ml of 
Iron Mountain mine (FeMtMn) sample adjusted to pH 7, 0.1 g 
2 
(dry wt.) of ensiled grass clippings (silage), and 9 cm of 
tolerant strain microbial mat were added to a triplicate 
series of 250 ml plastic Erlenmeyer flasks. This was the 
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experimental set. In the control triplicate, the diluted 
sample did not have any mat or contain any silage. 
Eight ml samples of the water column from each flask were 
taken every day for five days, as it was expected that the 
most rapid removal would occur during this period. 
Thereafter, samples were taken every other day until 
undetectable levels of cadmium were reached. Acid hydrolysis 
was performed (AWWA, 1985) and the hydrolysates were analyzed 
using atomic absorption spectrometry (Varian model, Spectra 
AA-20 BQ, double beam). 
At the conclusion of this experiment, the following 
guestions arose: (1) What is the effectiveness of the mat in 
removing cadmium when placed in a field environment?; (2) Can 
the cadmium be removed in a shorter period of time? In 
attempting to answer these guestions, a second experiment was 
designed. 
SECOND EXPERIMENTAL SET-UP 
In this experiment, a free floating mat was constructed. 
This was achieved by placing 200 ml of soil in pyrex brand 
storage jars (100 X 80 mm) with glass lids. Added to the soil 
was a 1:1 mixture of Allen Arnon and SM to a total agueous 
2 
phase volume of 200 ml. A 1 cm piece of the stock metal 
tolerant strain mat was added to the surface of the water 
column together with 1 g of silage. The jars were placed 
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under 2 incandescent lamps (60 watt at a distance of 28 cm) 
and a mature mat 8 X 8 cm was generated on the surface of the 
water column after approximately 7 days. Figure la 
illustrates a schematic of the floating biomass at the pond 
surface. Figure lb shows the free floating mat on the surface 
of the water column, while figure lc depicts the growth 
patterns in successional phases of the mat in the storage 
j ars . 
Triplicate experimental sets with the following 
conditions were set up: Experimental set 1 - a 1 cm2 tolerant 
strain microbial mat, 200 ml of soil, 200 ml distilled water, 
and 25 mg/1 cadmium (total Cd = 5 mg). Experimental set 2 - 
2 
a 1 cm tolerant strain microbial mat, 200 ml of soil, 190 ml 
of distilled water, 10 ml SM, and 25 mg/1 Cd (total Cd = 5 
mg). Set 2 contained a nutrient supplement to stimulate mat 
function. Control set 1 - 200 ml of soil, 200 ml distilled 
water, and 25 mg/1 Cd (total Cd = 5 mg), no mat. Control set 
2 - 200 ml of soil, 190 ml distilled water, 10 ml SM, and 25 
mg/1 Cd (total Cd = 5 mg), no mat. The water column from the 
jars were removed once the mats reached maturity, and replaced 
with the water columns as described above with the various 
conditions. The cadmium was inoculated approximately 2.5 cm 
under the water surface. Thirty minutes following the 
infusion of the metal, a sample was taken. Subsequent samples 
were taken every other day until day 5. The experiment ended 
on day 5 because preliminary data showed that the most 
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Fig. la. Model of the floating biomass at 









lb. Free floating mat on the 
surface of the water column 
lc. Growth patterns of mat in 
storage jars 
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dramatic removal occurred between days 0 and 5. At the 
conclusion of this experiment, all samples were analyzed for 
metal concentration by atomic absorption spectrometry as 
previously described. Also, at the conclusion of the 
experiment, a mass balance analysis was performed to locate 
all metals. The mat was harvested from the system, a water 
sample was taken following the removal of the mat, and three 
core samples were taken from the soil. These components were 
acid hydrolyzed and hydrolysates were analyzed on the atomic 
absorption spectrometer to determine the concentration of 
metal in each component. The percent of the introduced metal 
quantity found in each region (mat, water column and soil) was 
determined. 
After observing that free floating mats did remove Cd, 
but at a slow rate, an immobilized mat system was designed to 
increase the metal removal rate. 
IMMOBILIZATION OF MAT 
Various technologies of mat immobilization were tried. 
These technologies included the use of mat attached to glass 
wool formed into floaters or layered in baffled tanks. Mature 
mats were immobilized on glass wool and used according to the 
technology specified. Figure 2 provides a schematic diagram 






Schematic diagram of the 
mixed microbial mat immobilized 
on glass wool 
contains Oscillatoria. spp. (A) and 
associated bacteria emeshed with ensiled 
grass (B). Gases (C) remain entrapped 
in the slimy matrix for extended periods. 
contains mixed bacteria including 
anoxygenic phototrophs, aerobes, 
anaerobes and facultative bacteria. 
contains heterotrophic bacteria and 




IMMOBILIZATION OF MAT FIRST EXPERIMENTAL SET-UP 
Mature mats were immobilized on glass wool by- 
broadcasting sections of the mat on a 4.5 cm deep layer of 
glass wool in an acrylic baffled tank (61 X 18 cm) saturated 
with Allen Arnon and SM. Illumination was provided by 6 
incandescent lamps (60 watt), placed 36 cm from the mat 
surface. Mat tanks were maintained under light/dark cycles of 
12/12 hours. All metal removal experiments were performed 
under light conditions. Five baffles, attached to the bottom 
of the treatment tank produced a "snaking" of the metal 
solution through the tank, thereby providing increased 
exposure to the mat. Flow rates (ml/min) were taken, and all 
trials were performed in triplicates. One triplicate ‘set 
contained mat attached to glass wool and the other triplicate 
set (control) contained glass wool only. Cadmium solution 
(20 mg/1, 500 ml) was passed through each tank. The effluents 
from the tanks were collected and three samples from each 
effluent were taken for hydrolysis and followed by atomic 
absorption analysis for metal concentration. The number of 
metal applications to the tanks depended upon the metal levels 
in the effluents. The cadmium solution was prepared by 
weighing out 0.06 g of cadmium nitrate (Sigma) and adding it 
to enough distilled water to make a 1 liter solution. This 
resulted in a cadmium solution of 20 mg/1. The glass wool 
used in this experiment was Pyrex brand from Fisher Scientific 
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(Fig. 3) 
Preliminary data revealed that the immobilized system was 
very rapid and effective in sequestering cadmium from 
solution. However, in subsequent experiments, the target 
metals were changed to zinc and manganese as suggested by the 
U.S. Bureau of Mines. The concentrations of the mixed metal 
solution was 15-18 mg/1 for both metals. This solution was 
prepared by weighing 0.065 g of manganous chloride (Sigma) and 
0.052 g of zinc nitrate (Sigma) and adding them to enough 
water to make 1 liter. 
After examining a system in which the rapid flow of metal 
allowed for large exposure to the mat and effective metal 
sequestering, (Fig. 4) a third question arose, relating to the 
effect of mat immobilization on metal uptake. In an attempt 
to answer this question, the following experimental design was 
examined. 
DETACHED VS. ATTACHED FLOATERS 
Metal sequestering potential of a mat attached to glass 
wool that can float in contaminated water was the focus of 
this experimental design. In the aforementioned experiments, 
a 9 cm2 piece of mat was used. In the present experiment, 
2 
enough glass wool was used to accommodate a 9 cm mat 
(approximately 4 g of glass wool) (Figs. 5a and 5b). 
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Fig. 3. Baffle tank with mature mat 
immobilized on glass wool 
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Fig. 4. Zinc and manganese uptake in 
experimental and control 
baffle system. All data points are 















Fig. 5a. Mature mat immobilized on glass 
wool (floater - top view) 
Fig. 5b. Bottom view of floater 
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A triplicate series, using 400 ml beakers, contained the 
following: Experimental 1 - a 4 g glass wool floater, a 9 
2 
cm , non-attached mat in 300 ml of Zn/Mn solution (15-18 
mg/1); Experimental 2 - a 4 g glass wool floater with a 9 cm2 
mat attached to the wool in 300 ml of Zn/Mn solution (15-18 
mg/1); Control 1 - a 4 g glass wool floater in 300 ml of Zn/Mn 
solution (15-18 mg/1); Control 2 - 300 ml of Zn/Mn solution 
(15-18 mg/1) with no floater. 
This design compared the percent of metal removed by a 
free floating mat (Exp. 1) to an immobilized attached mat 
(Exp. 2). Eight ml samples were taken each morning and 
afternoon for the first 3 days of the experiment and then once 
per day until day 6. The beakers were covered with Saran wrap 
to avoid evaporation and placed under 4 incandescent lamps (60 
watt) 28 cm from the tops of the beakers. The water column 
samples were hydrolyzed by microwave digestion (CEM Corp., 
Model MDS-2000) and analyzed for metal concentration by atomic 
absorption spectroscopy (Fig. 6a). 
Preliminary data (Fig. 7) demonstrated that the uptake 
was faster and higher in the immobilized floater. Therefore 
subsequent experiments utilizing mat-attached floaters were 
designed. In these experiments, a larger volume of metal 
solution was applied to assess the metal-holding capacity of 
the small mat floaters (Fig 6b). Sampling and analysis were 
performed as described above. 
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Fig. 6a. Floater immersed in 300 ml of 
metal solution 
Fig. 6b. Floater in 1,000 ml of metal 
solution 
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Fig. 7. Preliminary data: Detached vs. attached 
floaters. All data points are means 
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IMMOBILIZED FLOATER ROTATION EXPERIMENT 
In order to expose the mat floaters to high levels of 
metals, a rotation experiment was designed. It was postulated 
that intermittent renutrification produced new cell layers 
and, hence, new locations for metal attachment. In these 
experiments, the floaters were repeatedly exposed to metal 
solutions until analysis showed that the holding capacity for 
the floater was reached. After the rotations were completed, 
the metal packing levels were determined. These analyses 
included the following: (1) mg metal/g mat (peeled from the 
floater); (2) mg of metal/g organic material and bacteria 
associated with the mat (entrapped cells and organics in the 
glass wool under surface mat after mat removal); (3) in the 
control, the wild bacteria and organic material from SM 
entrapped in the glass wool in the absence of mat. The 
purpose of these analyses was to determine whether the mat or 
the specific releases and/or bacteria associated with the mat 
had high metal binding capacity. The experimental design is 
given below. 
Four "renutrification beakers" (RB) were set up. These 
beakers (400 ml) were labeled A,B,C, and D and contained 50 ml 
of SM and 50 ml of Allen Arnon medium. A floater was placed 
in beakers B,C, and D. The first rotation tray (Pyrex brand, 
21.3 X 11.3 X 6.3 cm) ( containing one liter of mixed Zn/Mn 
solution, 15-18 mg/1) was placed under four incandescent lamps 
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(60 watt, 28 cm from the surface of the trays) and subjected 
to 12/12 hours light/dark conditions, respectively. Two 8-ml 
aliquots of the metal solution were extracted from the tray 
following the addition of the metal solution in order to 
assess the original concentration of the metal solution. 
Floater A (FA) was placed in the tray. Immediately after the 
addition of FA, two more aliquots were extracted. Duplicate 
aliquots were taken from this tray each day until day 3. On 
day 3, FA was removed and placed in RBA. Floater B (FB) was 
then placed in the tray and two aliquots were taken daily for 
three days. On day 6, FB was removed from the tray and 
returned to RBB and floater C (FC) was placed in the tray. 
Daily aliquots were taken for three days. On day 9, FC was 
removed, returned to RBC and FD was placed in the tray. 
Again, daily aliquots were taken for three days. On day 12 of 
the rotation, FD was removed and returned to RBD; this marked 
the end of the rotation. 
On day 6 of the first rotation, rotation 2 was begun. A 
new one liter metal solution (15-18 mg/1) was added to a new 
tray. The same experiment was repeated using the floaters 
that had been used previously during rotation 1. 
Immediately following each complete rotation, two water 
column samples were taken and then 5 ml of nitric acid were 
added to the tray to dissolve any debris. The tray was 
scraped to remove all debris from the sides, and two 
additional water column samples were taken. These samples 
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represented the metal remaining at the end of each rotation 
and assessed the residual location of the metal in the system. 
Figure 8 presents a schematic of the rotation experiment. 
HYDROLYSIS AND ANALYSIS 
All of the daily aliguots were hydrolyzed by microwave 
digestion (CEM Corp., Model MDS-2000). The hydrolysates were 
analyzed by atomic absorption spectrometry (Varian model, 
Spectra AA-20 BQ, double beam). Aliguots were hydrolyzed and 
analyzed after each rotation in order to determine when the 
floater had reached its metal loading capacity. 
Following the end of the experiment, the metal-packed 
floaters were allowed to air dry and were then weighed. The 
mat was peeled from the floater and the floater was then re¬ 
weighed. The glass wool floaters, the mat, the water column 
sample taken after FD was harvested and the water column 
sample taken after the acid treatment, representing the water 
column at the end of the rotation, were hydrolyzed and 
analyzed for metal concentration. The solution in the 
renutrification beakers (assessing metal leachates during the 
renutrification), was also hydrolyzed and analyzed for metal 
concentration. The metal concentrations found in these 
components were used for mass balance analysis which is 
described above. The amount of metal (mg) and the metal 
percents in each component of the system were determined. An 
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Fig. 8. Immobilized floater rotation 
experimental design 
1000 ml Sample (ong) 
I 
Add Ball n to tray - take sample 
Rfter 3 days 
(daily samples taken) 
Remoue ball R after sampling, return 
to its beaker. Rdd Ball B, take sample 
Rfter 3 more days 
(6th day of expt.) 
Remoue ball B after sampling, return to its 
beaker. Rdd ball C, take sample 
Rfter 3 more days 
(9th day of expt.) 
1,000 ml - Begin neuj 
rotation follouiing the Remoue ball C after sampling, return to 
same sequence as its beaker. Rdd ball 0, take sample, 
preuiously described 
Rfter 3 more days 
(12th day of eHpt.) 
Remoue ball D after sampling, return to its beaker. 
Take another sample and then add 5 ml of nitric acid 
to tray and scrape tray to remoue all debris from the 
sides, take sample 
End of rotation. 
Rll subsequent rotations 
continue in this manner. 
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adequate metal recovery should be within + 10% (Gould, 1992). 
OTHER ROTATION EXPERIMENTS 
Duplicate rotation experiments were performed. The 
controls for these experiments contained floaters without a 
mat. The renutrification beakers with media served as a 
source of nutrients for the mat microbes during the 
experiment. Another control rotation experiment utilized 
complete floaters which were not renutrified but rather cycled 
through distilled water. This control indicated whether or 
not renutrification and subsequent cell growth assisted the 
metal-packing process. The technological advantage of this 
experiment was to concentrate metals in low amounts of biomass 
so that they can be recovered more easily by precipitation or 
electroplating. A third control involving a floater with no 
mat, but cycled through distilled water was used to assess the 
metal packing in the glass wool. In the last experiment of 
this series, floaters were placed in Zn/Mn solution (15-18 
mg/L) enriched with a 1:1 mixture of Allen Arnon and SM 
rather than cycling them through beakers filled with media. 
All rotation experiments followed the same cycling scheme as 
described above and the metal mass balances were determined as 
in earlier experiments. 
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ANALYSIS OF VARIOUS SIZE FLOATERS 
To determine the minimum effective floater size, the 
effectiveness of small, medium, and large floaters were 
examined. One g, 2 g, 4 g, 6 g, and 8 g floaters were placed 
in one liter of Zn/Mn metal solution (15-18 mg/L). Daily- 
aliquots were taken for 12 days. The aliquots were hydrolyzed 
by microwave digestion and the hydrolysates were analyzed by 
atomic absorption spectrometry. The data was evaluated using 
the statistical package GB-Stat with hypothesis testing being 
performed to determine if the differences between the rates of 
removal were significant for the different size floaters. 
The size of the mat on the 1 g floater was approximately 
2 2 
1 cm , for the 2 g floater the mat was approximately 4 cm , 
while for the 6 g and 8 g floaters the mat was approximately 
2 2 
16 cm and 36 cm , respectively. 
OTHER ANALYSES 
Scanning electron microscopy was performed using an 
Environmental Scanning Electron Microscope (ESEM). The 
specimens examined were fixed in 3% glutaraldehyde for 2 days. 
Transmission electron microscopy was also used. All specimens 
examined were pre-fixed in 3% glutaraldehyde for 2 days. A 
specimen treated with no metals and one treated with metals 
were post-fixed in 2% osmium followed by dehydration in a 
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graded alcohol series. Following dehydration, the specimens 
were infiltrated with propylene oxide and the infiltration was 
completed with the specimens remaining in 1:1 propylene oxide 
and EPON overnight. The next day the specimens were embedded 
in EPON. One specimen treated with metal underwent the same 
process but was not post-fixed in osmium. The electron 
microscopy studies were used to determine the relationship of 
metal deposit and cell congruency. This indicated whether 
there was some kind of cellular attachment or whether metal 
uptake was mediated by the microenvironment generated by the 
mat. 
A chemotaxis experiment was performed to determine if 
motile bacteria might be responsible for transporting the 
metal to the floaters when they were in the metal solution. 
This was only a first step in metal transport determinations. 
To accomplish this, metal solution containing the floater was 
plated on Pen assay agar plates. Once the colonies were seen, 
they were plated on plates containing 5 g/1 of agar, 667 ml of 
SM, and 333 ml of Allen Arnon medium. A small piece of mat 
and/or silage was autoclaved and then placed on the plate 
opposite the plated bacterial colonies. The plates were 
monitored every day. If the bacteria were attracted to the 
mat or silage, it was expected that motion of the colony on 
the plate would be seen. 
A mass balance analysis was performed on all of the 
components of the free-floating and immobilized mat system to 
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determine if any measurable amount of cadmium, zinc, or 
manganese were present. This knowledge was helpful when 
computing the mass balance analyses of the various 
experiments. The components analyzed included: silage, SM, 
Allen Arnon media, soil, soil wash, and glass wool. 
Due to the large number of experiments described in this 
section, a summary table describing each experiment by title 
and its objective is provided (Table 1). 
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.aoie 1 Summary of experiments performed 
Experiment Mo. Experiment Title Ob-écrive 
I. Floating mat. 
' i 
To determine the 
effectiveness 
of the microbial 
mat in metal 
removal. 
II. Free-floating mat 
(small ponds). 
To determine the 
effectiveness of 
the microbial mat 
on metal removal 
in the presence 
of soil. 
Ill. Detached vs. 
Attached floaters. 
To determine the 
metal removal 
capacity of a 
free-floating 
system vs. an 
immobilized 
system. 
IV. A. Rotation experiment 




To determine the 
metal packing 
capacity of the 
floaters. 























Table 1. (cont.) 






This was a control 
for experiment 
#V. A. 
V. c. Mat floaters with 
no cycling; media 
mixed in metal 
solution (MFMA). 
Compared the effect 
of one bulk 
addition of media 
to the metal 
solution. 
VI. Various size 
floaters. 
Comparing the 
rate of removal of 
metal in smaller 
and larger 
floaters. 
VII. A. Electron 
microscopy. 
To determine where 
the metal is 
deposited in the 
microbial mat. 
VII. B. Chemotaxis. To determine if 
motile bacteria is 
responsible for 
the transport of 





I. INITIAL EXPERIMENT UTILIZING AN EXCISED MAT 
Data from the initial experiment which utilized a 9 
2 
cm piece of microbial mat to remove cadmium from treated 
iron mountain mine sample revealed that the mat was 
effective in removing the cadmium in approximately 30 days 
from a concentration of 20 mg/1 to 2 ug/1. (Fig. 9a). The 
control for this experiment, with no mat present, showed 
little cadmium removal (Fig. 9b). 
II. SECOND EXPERIMENT UTILIZING A FREE-FLOATING MAT SYSTEM 
Data from the second experimental set-up which 
utilized a mature mat floating on the surface of a water 
column showed that the mat was effective in the removal 
of cadmium in five days and that the control ponds which 
only contained soil, were also effective in cadmium 
removal. The data also revealed that the majority of the 
metal was deposited in the mat in the experimental ponds 
and in the soil in the control ponds (Figs. 10-12). 
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Fig. 9a . Cadmium removal from treated 
FeMtMn using a 9 cm2 piece 
of mixed microbial mat. All data 
points are means where n = 3. 
Fig 9b. Cadmium removal from treated 
FeMtMn with no mat. All data points 























Fig. 10. Percent uptake of cadmium 
by "small ponds". All data 
points are means where n = 3. 
Control 
Control 
Test 1 - 
Test 2 - 
1 - 200 ml soil, 25 mg/1 Cd, 200 
ml water 
2 - 200 ml soil, 25 mg/1 Cd, 190 
ml water, 10 ml SM 
200 ml soil, 25 mg/1 Cd, 200 ml 
water, 9 cm2 mat 
200 ml soil, 25 mg/1 Cd, 190 ml 






Control 1 - 208 ml soli, 25 mg/L Cd, 200 ml mater 
Control 2 - 288 ml soli, 25 mg/L Cd, 190 ml mater, 
10 ml SH 
Test 1 - 208 ml soil, 25 mg/L Cd, 208 ml mater, 
3 H 3 cm mat 
Test 2 - 208 ml soli, 25 mg/L Cd, 190 ml mater, 
18 ml SM, 3 H 3 cm mat 
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Fig. 11. Mass balance analysis of 
cadmium removed by free 
floating mat. All data 
points are means where 
n = 3. 
Test 1 had 99.5% recovery 













1- SOIL 2- MAT 
3- SEDIMENT 4- WATER COLUMN 
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Fig. 12. Mass balance analysis of 
cadmium removal by control 
set. All data points are means 
where n = 3. 
Control 1 had 44% recovery 
Control 2 had 73% recovery 
LOCATION 
1- SOIL 
2- UIRTER COLUMN 
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III. DETACHED VS. ATTACHED FLOATERS 
In the experiment that utilized floaters with an 
attached 9 cm2 mat to glass wool compared to a glass 
2 
wool floater with a detached 9 cm mat, the data 
revealed that there was a higher percentage of zinc and 
manganese removed by the attached floater than the 
detached floater. The data also indicated that the 
attached and detached floaters removed zinc at a higher 
percentage than manganese (Fig. 13). 
IV. ROTATION EXPERIMENT 
A. Mat Floaters (MFR) in renutrification scheme 
In the rotation experiment, the data showed that 
there was a high percentage removal of zinc and 
manganese for each rotation, however, by rotation 5 
the percent manganese removed was lower than the 
previous rotations (Fig. 14). The mass balance 
analysis from this rotation experiment revealed that 
most of the metal was deposited in the glass wool 
floater and its associated bacteria (Fig. 15). 
B. Glass Wool Floaters (GFR) in renutrification scheme 
In the controls for this experiment, the glass 
wool floaters were cycled through a 1:1 mixture of 
Allen Arnon and SM before being added to the metal 
solution. In doing this, the media contained 
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Fig. 13. Percent of zinc and manganese 
exit by attached mat (immobilized 
cell system) compared to floaters 
with a detached, free floating mat. 
All data points are means where 
n = 3. 
Fig. 14. Percent removal of metals 
in 5 rotations by mats 
attached to floaters and 
cycled through enriched media 
between rotations. All data 


































Fig. 15. Mass balance analysis for 
rotation experiment (MFR). 
All data points are means 














bioflocculent residue at tray bottom 
renutrlficatlon solution 
surface mat removed from floater 
floater uilth associated bacteria and 
organic debris 
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organic enrichments and quickly became contaminated 
(day 1). Therefore, the controls contained two 
organic components for the duration of the 
experiment: (1) a variety of organic material from 
the media and cell debris; and, (2) populations of 
"wild" bacteria (i.e. bacteria not associated with 
the mat or inoculated into the system). 
The control for this experiment indicated low-level 
removal of zinc and approximately 10% removal of 
manganese (Fig. 16). Mass balance analysis from the 
control showed that most of the metal was deposited 
in the water column for manganese and in the organic 
debris that remained as a residue on the pond bottom 
for zinc (Fig. 17). 
V. OTHER ROTATION EXPERIMENTS 
A. Mat floaters cycled through distilled water (MFNR) 
In the rotation experiment in which the mat 
floaters were renutrified in distilled water, the data 
suggested that zinc sequestering was significantly 
lower than the Allen Arnon:SM renutrification. For 
manganese, rotation 1 was the only rotation to obtain 
100% removal. Percent removal for the other rotations 
decreased per rotation (Fig. 18). The mass balance 
analysis showed that most of the metal was deposited 
in the glass wool floater and its associated bacteria 
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Fig. 16 Percent removal of glass 
wool floaters without mat 
(GFR), cycled through enriched 
media. All data points are means* 









































Fig. 17. Mass balance analysis for 
control rotation experiment 
containing floaters (GFR) 
renutrified in enriched media. 
All data points are means 
where n = 2. 
SB 
1 - water column 
2 - organic residua at tray bottom 
3 - renutrlflcatlon solution 
4 - glass wool floater and associated 
bacteria and organic material 
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Fig. 18. Percent removal of metals 
in rotation experiment with 
floaters (MFNR) cycled through 
distilled water rather than 
enriched media. All data 
points are means where 

























B. Glass wool floaters cycled through distilled water. 
The data from this experiment in which the glass 
wool floater was cycled through distilled water (GFNR) 
showed that there was comparatively little removal of 
both metals after the first rotation (Fig. 20). The 
mass balance analysis revealed that most of the metal 
remained in the water column (Fig. 21). 
C. Mat floaters with no cycling, media mixed in metal 
solution (MFMA). 
Data from the rotation experiment in which the 
floaters, rather than going through a cycling scheme 
in nutrient medium, received nutrients mixed in the 
metal solution and were held in empty 400 ml Pyrex 
brand beakers between rotations; showed that each 
rotation removed about 90% of the zinc. The removal 
of manganese by each rotation was not as high as zinc 
in rotations 4 and 5 (Fig. 22). The mass balance 
analysis showed that more of the zinc remained in the 
water column while there was an almost even 
distribution of manganese in the water column, 
floater, and mat (Fig. 23). All mass balance analyses 
conducted resulted in the recovery of 75-99% of both 
metals. 
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Fig. 19. Mass balance analysis for 
rotation experiment where 
floaters (MFNR) were cycled 
through distilled water rather 
than enriched media. All data 





1 - mater column 
2 - blofiocculent residue at tray bottom 
3 - cycling solution 
4 - surface mat remoued from floater 
5 - floater uilth associated bacteria and 
organic debris 
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Fig. 20. Percent removal of metals per 
rotation of control rotation 
experiment with floaters (GFNR) 
cycled through distilled 
water, rather than enriched media. 
All data points are means 
































Fig. 21. Mass balance analysis for control 
floaters (GFNR) that were cycled 
through distilled water rather 
than enriched media. All data 
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LOCHTI ON 
1 - mater column 
2 - bloflocculent residue at tray bottom 
3 - cycling solution 
4 - glass uiool floater and associated 
bacteria ad organic material 
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Fig. 22. Percent removal of metals per 
rotation in which media was 
mixed with metal solution 
rather than cycling (MFMA). 
All data points are means 
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Fig. 23. Mass balance analysis of rotation 
experiment in which media was 
mixed in metal solution rather 
than cycling (MFMA). All data 








1 - mater column 
2 - blofloccuient residua at tray bottom 
3 - floater uilth associated bacteria and 
organic debris 
4 - surface mat remoued from floater 
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VI. VARIOUS SIZE FLOATERS 
When comparing the various size floaters in 
decreasing order of size and respective metal removals, 
data indicated that there was a significant difference (p 
< .01) between all of the floaters in percent manganese 
removal; however, there was no significant difference 
between the 4 g, 6 g, and 8 g floaters in percent zinc 
removal. For both metals, the 8 g floaters were most 
effective (Tables 2,3; Fig. 24 and Fig. 25). 
VII. OTHER ANALYSES 
A. Electron Microscopy 
Figure 26 illustrates Oscillatoria, sp. under 
light microscopy. Figure 27 displays an 
environmental scanning electron microscopic (ESEM) 
(ElectroScan Corp.) view of the surface of the 
microbial mat not exposed to metals, while Figure 28 
shows the accompanying X-ray microanalysis for this 
view (Link Analytical). Each peak seen represents 
a quantitative measurement of the various metals 
stored in the computer's memory in the particular 
viewing field. Figure 29 presents the algal mat 
exposed to metals by ESEM with figure 30 showing the 
X-ray microanalysis for this view. Figure 31 














Percent removal of zinc by various size floaters 
Floater Size 
i g 2 g 4 g 6 g 8 g 
8 16 28 49 46 
12 22 42 49 53 
8 35 55 58 59 
22 40 65 62 67 
26 43 70 70 76 
37 49 73 75 78 
32 51 79 75 81 
32 54 84 82 79 
37 61 86 82 84 
40 65 88 79 82 
41 66 88 76 86 














Percent removal of manganese by various size 
floaters. 
Floater Size 
i g 2 g 4 g 6 g 8 g 
4 13 24 58 65 
7 18 41 67 74 
il 20 44 72 83 
10 24 50 72 84 
11 26 51 77 86 
14 28 55 78 87 
13 26 58 79 88 
13 24 60 79 89 
11 27 62 79 89 
11 25 67 80 89 
12 26 69 80 90 
12 27 70 82 91 
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Fig. 24a. Percent removal of manganese by 
various size floaters. All 
data points are means where 
n = 2. 
Fig. 24b. Percent removal of zinc by various 
size floaters. All data points 
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Fig. 25. 2 g, 4 g, and 8 g floaters 
with their attached mats. 
63 
Fig. 26. Light microscopic view 
of Oscillatoria. spp. at 
magnification of 1,000X 
The arrow shows the 
Oscillatoria. spp. 
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Fig. 27. ESEM view of mat not exposed 
to metal. At the intersection 
of the number l's shown on the 
micrograph is the point where the x- 
ray microanalysis scanned for the 
presence of metals (Fig. 28). 
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Fig. 28. X-ray microanalysis of mat 
not exposed to metals 
Counts (x10 a) 
Rang» CkaV) 




Fig. 29. ESEM view of mat exposed to 
metals. At the intersection of 
number 5's shown on the micrograph 
is the point where the x-ray micro¬ 
analysis scanned for the presence 
of metals (Fig. 30). 
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Fig. 30. X-ray microanalysis of mat 
exposed to metals. The arrows 
indicate what metals were present in 
this microbial mat. 
Counts (Xl0 ) 
Alga* ball, Zn/Mn axposad 
10 





Fig. 31 TEM view of algae exposed 
to metal at a magnification 
of 10,000X. The arrows 
indicate the possible 
locations of the metal 
within the cell. 
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of microbial mat that was not exposed to metal while 
Figure 32 displays the metal exposed microbial mat 
by transmission electron microscopy. 
B. Chemotaxis Experiment 
Figure 33a depicts bacterial colonies grown 
from the metal solution. Figure 33b displays the 
affinity of the bacterial colony for silage. 
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Fig. 32. TEM view of algae not exposed 
to metal at a magnification of 
8,000X. 
71 
Fig. 33a. Bacterial colonies from 
metal solution 




The work performed in this research demonstrated that the 
mixed microbial mat, dominated by Oscillatoria, spp. was 
effective in the bioremediation of metal-contaminated water. 
When the excised mats were applied to the treated Iron 
Mountain mine sample, it was effective in removing cadmium in 
a period of 30 days. This result indicated that the mat was 
effective in metal removal; however, a faster removal time was 
desired. To achieve this, a mat floating on the surface of a 
water column with soil at the bottom was used (free floating 
2 
mat system). This mat, approximately 64 cm , was 
2 
significantly larger than the 9 cm piece that was used in the 
earlier experiment. The results from this experiment showed 
significant cadmium exit occurring in five days. This result 
was promising, however, after conducting the mass balance 
analysis of both the experimental and control ponds, it was 
found that both removed the metal. Further investigation 
showed that while the mat had removed most of the metal in the 
experimental ponds, there was 20% or more of cadmium located 
in the soil and about 70% in the floating mat. In the control 
ponds almost all of the metal was removed and was located in 
the soil. The mass balance recovery for the controls were low 
but this was accounted for by the fact that 3 core soil 
samples were used. The metal was probably not homogeneously 
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distributed in the pond thus, the core samples may not have 
been representative of the metal deposited. Silage media (SM) 
was added in hopes that it would aid in the production of 
bacteria which might also assist in metal removal. However, 
in those experiments, both test (with mat), and control 
(without mat), showed no significant difference in metal 
removal. 
The soil, and its associated microbes, as reported 
above, may have impacted the metal removal. This removal 
could have been done by microorganisms present in the soil or 
from the attraction of metal by clay particles which are 
present in the soil. For this reason, experiments with a 
soil-free environment were designed. The use of immobilized 
cells have been shown effective in the removal of cadmium from 
activated sludge, copper removal, glyphosate degradation, and 
the adsorption of strontium from nuclear contaminated 
wastewater (Gourdon et al., 1990; Singh et al., 1989; Hallas 
et al., 1992; Watson et al., 1989 ). The microbial mat was 
therefore immobilized on glass wool. Preliminary data 
revealed that when using a baffle tank in which the mat was 
attached to glass wool, cadmium, zinc, and manganese were 
effectively removed. This removal was attributed to the S- 
shaped flow of the metal through the baffle tank which allowed 
large exposure to the mat. 
Questions arose related to the effect of immobilization 
in a quiescent system. In answer to this question, the 
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floater was designed. Experiments were executed to determine 
the minimum effective floater size. That size was to 
determined to be 4 g of glass wool. Six g and 8 g floaters 
were examined and their metal removal capacity was 
significantly higher for Mn than 4 g, with 8 g being the 
highest. For zinc the 4 g, 6 g, and 8 g floaters removed the 
metal at about the same rate. Thus, leading to the 
postulation that in the case of Mn, the more biomass present, 
the more metal will be removed. Other preliminary experiments 
examined the effect of immobilization by using a floater with 
a mat attached and one with a detached mat. The results 
showed that the attached floater (immobilized system), was 
more effective in metal removal than the detached floater 
(free floating system). Further questions arose as to the 
metal loading capacity of the floater. To answer these 
questions the rotation experiment was designed. 
The rotation experiments showed that a series of floaters 
could be effectively used over a period of 60 days before 
losing its ability to be effective in metal removal. After 
conducting mass balance analysis, it was found that most of 
the metals removed were located in the glass wool floater and 
its associated bacteria. Due to the characteristics of 
cyanobacteria, it was suspected that the mat might be 
secreting a substance into the glass wool which binds metals. 
This substance, a negatively charged bioflocculent, was 
located by other concurrent research in our lab. Certain 
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species of cyanobacteria are known to produce bioflocculents 
(Barr-Orr and Shilo, 1988; Fattom and Shilo, 1984). The 
experiments conducted indicate that the metal tolerant mats 
used may have produced negatively charged bioflocculents which 
may have become entrapped in the glass wool. These materials 
may have bound the metals in the matrix below the mat, thereby 
protecting the cells. The negative charges on the mat 
surfaces suggest some of the metals may have been bound to the 
outer layers of the mat, probably to the slimy matrix which 
covers the cyanobacteria cells (Shilo, 1989). 
Metal packing levels in the biomass varied according to 
exposure concentration, duration of exposure and quantity of 
mat. From these rotation experiments, it was found that the 
glass wool floater had packing levels of 380 and 240 mg/g for 
Zn and Mn, respectively. The mat itself bound 35 and 40 mg/g 
Zn and Mn. 
The renutrification of the floaters on an intermittent 
basis during the course of the rotation experiment was 
believed to aid in the metal loading capacity of the floaters 
as each time the floaters were renutrified, new cells were 
grown thereby providing new metal loading sites. Remembering 
that accumulation of metals within the mat takes place without 
significant cell death (Bender, 1989; Archibold et al., 1989). 
To test this hypothesis, other rotation experiments were 
designed in which the floaters either were cycled through 
distilled water, thereby slowing new cell growth, or were 
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renutrified at a lower level by mixing SM and Allen Arnon 
media at 10% in the metal solution. There appeared to be 
little difference in the rate of removal in zinc in the 
rotation experiments in which the floaters were renutrified in 
enriched media (MFR), or when the floaters were cycled through 
distilled water (MFNR) or when the media was incorporated in 
the metal solution (MFMA). In regards to Mn removal, (MFR) 
and (MFMA) appeared to remove Mn at about the same rate 
however, MFNR removed Mn poorly except for rotations 1 and 2 
thus indicating that the distilled water may have had some 
effect upon slowing cell growth. 
In the control rotation experiments (floaters with no 
mats, GFR and GFNR), the percent recoveries were low for both 
metals and this may be attributed to experimental error, 
however, the results imply that there was some metal binding 
of zinc to the glass wool floater and its associated wild 
bacteria. The other major portion of metal deposit of Zn was 
located in the water column and residual debris. In the case 
of Mn, for both GFR and GFNR, the majority of metal deposit 
was in the water column and residual debris. These results 
were expected since there was no mat present to remove the 
metal from the water column. 
Another interesting aspect of the floaters was the 
mechanism by which the metal was transported to the floater. 
It was suspected that this was accomplished by motile 
bacteria. Colonies of bacteria from the metal solution were 
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plated with a small piece of autoclaved mat or silage at the 
opposite end of the plate. After about 5 days, some 
progression of the colony was seen toward the mat and/or 
silage. The entire colony did not move thus, indicating that 
there were some motile bacteria present in this system but 
there are still several others which need to be identified. 
Electron microscopy revealed what appeared to be metal 
deposits on the inside of the Oscillatoria, sp. cells. 
Surface views of the mat after metal exposure along with X-ray 
microanalysis, depicted various amounts of metal present 
along the surface of the mat. Earlier EM studies performed on 
other specimens from our research, show little cell congruency 
with metal deposit. This indicates a lack of cell absorption 
or adsorption, but rather a surface metal deposit due to the 
chemical conditions mediated by the mat. 
Mass balance analysis performed on the various components 
of the free floating and immobilized systems showed very small 




The results of this work seem promising in the 
bioremediation of metal contaminated water. It seems that the 
microbial mat is effective in metal removal. The immobilized 
system seems to be the most effective application of the mat. 
The work done in this research has led to various experiments 
which are currently being conducted in a field project 
sponsored by the Tennessee Valley Authority (TVA). During the 
course of this work, field samples from Colorado and 
California have been effectively decontaminated. The results 
from this work were very positive. 
The objective of this research was to use a complex 
ecosystem that would be effective in the removal of metals 
from mining water. The objectives of this work have been 
achieved through the use of the silage microbial mat. Now 
that the mat has proven effective in metal removal, future 
research should focus on the alterations in methodology which 
might magnify these results. Chemical and microbiological 
studies to define the proper mechanism of metal removal should 
also be carried out to further maximize this system. 
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